personal exposures have been shown on timescales from days to a year [12] [13] [14] [15] [16] and little is known about the role of exposures in different microenvironments.
Indoor air pollution concentrations often exceed ambient concentrations due to additional indoor sources and the relatively low levels of air exchange (dilution) indoors. 3, [17] [18] [19] [20] Many personal exposure studies, however, have been limited to a single microenvironment, due to limitations in monitoring technology. 21 Single-microenvironment studies have evaluated air pollutant concentrations at home, [22] [23] [24] at office buildings, 25, 26 near roadways, 27, 28 or in transit. [29] [30] [31] Recent technological advances have enabled a more holistic view of individual exposures as they occur across microenvironments. 19, [32] [33] [34] [35] [36] Such studies may prove useful for the design of interventions that seek to reduce or mitigate pollutant exposures by targeting specific microenvironments, activities, or pollutants for exposure reduction. 37 The goals of this study were to evaluate the magnitude of personal exposures to fine particulate matter (PM 2.5 ), black carbon (BC), carbon monoxide (CO), and ultrafine particles (quantified by 
| ME THODS

| Personal exposure measurements
The study area, Fort Collins, Colorado is a mid-sized US city with typical ambient PM 2.5 levels at or below current, health-based regulatory standards established by the US EPA. 38 The city covers approximately 120 km 2 and has approximately 150 000 residents.
Personal exposure data were collected as part of the Fort Collins Commuter Study. 39 Briefly, 45 non-smoking participants were recruited to carry backpacks containing lightweight, direct-reading exposure monitors for PM 2.5 (pDR-1200, Thermo Scientific, Franklin, MA), BC (AE51, AethLabs, San Francisco, CA), and CO (T15n, Langan, Inc, San Francisco, CA). The backpack also contained a global positioning system (GPS) receiver (BT-Q1000XT, QStarz, Taipei, Taiwan) and a temperature, humidity and light sensor (MSR Electronics, GmbH, Switzerland), and an accelerometer used to assess compliance. On a subset of monitoring days, the backpacks also contained an instrument to measure PNC (DiscMini,
Testo, Lenzkirch, Germany); the subset was selected based on instrument availability and to maximize within-person replicates.
For each sampling day, participants picked up the backpack from the study office in the evening and kept it with them while they completed a full day of their typical activities (including commuting to and from work) and then returned the backpack to the study office on the following morning. Participants were recruited to commute from their home to their workplace on 8 weekdays.
On 4 days participants commuted by car (2 days on a high traffic route and 2 days on a lower traffic route) and 4 days participants commuted by bicycle (2 days on a high traffic route and 2 days on a lower traffic route) while carrying the backpack. 39 All sensors recorded data at intervals of 10 seconds or less. Each participant was asked to complete eight sampling days; some participants completed additional sampling days in the case of instrument failure (the range of sampling days per participant was between 1 and 11 Institutional Review Board approved all study procedures, and participants provided written informed consent.
The protocol for personal, spatiotemporal exposure monitoring was similar to previous work, 34, 40 and details on the method can be found in Good et al. 39 Collected exposure data and GPS coordinates at 10-second resolution were downloaded into a geographic information system (Igor Pro, version 6.37) and processed with geocoded home and work addresses to define a personal exposure track, 34 from which exposures were extracted and categorized for each participant. The microenvironments were manually assigned based on participant's location, a time-activity diary, and environmental metadata (temperature, light intensity, speed, heart rate, and motion). A custom graphical user interface was built to facilitate the microenvironment assignment. The interface mapped each participant's study day alongside their metadata time series (eg, abrupt changes in these values can help to identify when a participant moves from indoors to outdoors).
Microenvironments were assigned using the interface by selecting measurements within areas of the map or measurements on the time series and assigning the corresponding microenvironment using the time-activity diary for reference. For this analysis,
Practical Implications
• Americans spend 60-90% of their time indoors and within various microenvironments (eg, Home, Work, Eateries), yet data are lacking about how exposure to air pollution varies between such indoor microenvironments and when in transit.
• Personal exposure to multiple air pollutants varied substantially between these microenvironments and from day to day.
• Exposures in Transit and Eateries tended to be among the highest observed and contributed disproportionately to integrated daily exposures compared to the amount of time spent in these microenvironments.
exposure data between 9 pm to 9 pm local time were analyzed across five microenvironments that constituted the majority of The direct-reading PM 2.5 measurements were corrected with a gravimetric correction factor (ie, the ratio of the gravimetric con- Using the hourly ambient concentration data, 24-hour average ambient concentration from 9 pm to 9 pm on sampling days was calculated to match the personal sampling. The limit of detection for the ambient CO monitor was 0.5 ppm, and all hourly average values below the LOD were replaced by 0.25 ppm. Ambient BC and PNC are not routinely monitored in Fort Collins.
| Statistical analysis
Descriptive statistics were assessed for exposure measures and for participants age and sex. Mean concentrations, over the time spent in each microenvironment and for the 24-hour period, across all study days were calculated for each participant. Violin plots with overlain boxplots of time-weighted average exposures in each of the microenvironments and for the 24-hour mean were created from all measures (all sampling days across all participants).
Daily integrated exposures were calculated by integrating concentrations over the time spent in the corresponding microenvironment or over the 24-hour sampling duration for each pollutant.
41
Daily mass-time ratio, the proportion of the integrated exposure attributable to each microenvironment divided by the fraction of time spent in that microenvironment, 35 was also created for each participant:
where ME/total indicates the fraction of integrated concentra- where Y ijk is the log-transformed time-weighted average pollutant concentration (BC, PM 2.5 , CO, or PNC) in a microenvironment k for participant i and sampling day j, μ is the overall mean exposure for that pollutant, and e ijk is the unexplained error. To account for potential within-subject and within-day cluster, we include a participantspecific random intercept b i and a day-specific random intercept nested within participant d j(i) . An unstructured covariance structure was specified. The regression coefficient β k represents a fixed-effect for microenvironment k, where the "Home" microenvironment was
(1) mass -time ratio = integrated concentration ME/total time ME/total (Model 1) 
| RE SULTS
Overall, exposures for 44 participants who completed 373 sampling days were included in the analysis. Demographic information on study participants and sample sizes are listed in Table 1 . Participant age varied from 22 to 61 years with a mean age of 37. The sample size for BC and CO is 327 and 339 sampling days per pollutant, respectively. The sample size is lower for PM 2.5 (287 sampling days) due to missing filter data (n = 10) or malfunctioning sensor (n = 63) and for PNC (123 sampling days) because fewer instruments were available for deployment. Descriptive statistics for personal exposures and time spent in each microenvironment (taken across all participants and replicates) and the 24-hour geometric mean and geometric standard deviation are shown in Table 2 and microenvironment means between each pair of pollutants (see Table S2 ; results were similar for Spearman's correlation co- We examined the association between ambient (outdoor) and personal exposure for both PM 2.5 and CO (both log-transformed) on a daily basis (24-hour averages) and found that the correlation (Pearson's R) was 0.30 and 0.40, respectively. Figure 5 shows the relationship between ambient concentrations and personal exposures (without log transformation). During the days of our study Variance components analysis (Table S1) We are unaware of any other studies that have considered variance components across different microenvironments. Recent studies have examined the variance components for daily averaged PM 2.5, microbial agents, and volatile organic carbon. [44] [45] [46] [47] In a study in Gothenburg, Sweden, 45 daily PM 2.5 concentrations measured among 29 subjects (<2 samples per participant, total n = 43) and variance was partitioned within and between participants and resulted in an ICC value equal to 0.62. ICC values tended to be less than 0.5 and approached zero for some elements, in PM 2.5 trace analysis. 45 ICC values (with variance partitioned within and between participants) less than 0.5 were also observed for 24-hour PM 2.5 exposures among adults in Hong Kong 47 and for exposure to microbial agents in buildings. 44 Rappaport and Kupper used a nested design with person nested within city (no person is in both cities) to examine 24-hour VOC exposures in the United States and found that typically half or more of the variance was within-person. 46 Denmark. 41 The low values of ICC observed for Transit may suggest that even with eight replicates, between-day variability may still impact the ability to evaluate exposure-health relationships. 49 Even when our dataset was restricted to sampling days for which participants commuted to work by car, ICC values were somewhat smaller for BC, PM 2.5 , and CO than observed for the full dataset including bicycle commuting, but somewhat larger for PNC. ICC values in Transit and Eateries were less than 0.35; however, the times spent in Transit and Eatery microenvironments were generally small for our participants. For many participants, the majority of their time is spent at Home, and thus, their integrated exposures tend to be dominated by exposures in the Home (see Table 2 and Figure 3 ). Compared to integrated exposures, mass-time ratios can be helpful for determining which microenvironments contribute disproportionately to personal exposures to identify potential ways to reduce exposure.
| D ISCUSS I ON
Large mass-time ratios for the Transit and Eatery microenvironments were expected due to the close proximity of participants to traffic and cooking sources, respectively. Larger mass-time ratios There are a number of strengths to the study design. Each participant was monitored for three pollutants (PM 2.5 mass, BC, and CO) and a subset of participants were additionally monitored for PNC expo- unemployed, or retired. Participant commutes were scripted (mode and route), splitting days between driving and bicycling and driving on higher and lower trafficked routes. Our previous work showed that participants experienced higher exposures to PM 2.5 , BC, and PNC while cycling compared to driving and that they may reduce their exposures to BC and CO by using an alternate commuting route. 39 This may have contributed to the within-person variability demonstrated in this microenvironment (see Table S1 ). Participants may have changed their behavior under this study design, because they were required to carry a backpack, relative to their typical timeactivity patterns. Furthermore, only weekdays were sampled. The impacts on time spent in each microenvironment and on ICC are unclear. Participants were recruited from a wide range of occupations;
however, none of our participants were employed in health care or food preparation, and those with regular exposure to occupational dust or fumes (eg, construction, manufacturing, agriculture) were not eligible for inclusion in the study. Additionally, this study may not be reflective of working adults as a whole, as the variability in exposures between urban, suburban, and rural environments is not well established. Furthermore, there is the potential for measurement error in the personal exposure measurements.
| CON CLUS IONS
This study is among the largest to quantify time-resolved exposures to PM 2.5 , BC, CO, and PNC and to apportion those exposures into five common microenvironments. Despite representing a small proportion of participant's time, mean exposures to PNC, BC, and CO in Transit were 32%, 129%, and 51% higher than Home exposures, 
